T he purpose of this report is to describe the benefits of optical coherence tomography (OCT) macular mapping of the human retina.
Macular edema, which is characterized by an increase in retinal thickness involving the macula, 1 is a frequent manifestation of diabetic retinopathy (DR) 2 and age-related macular degeneration (AMD) and is a leading cause of legal blindness in patients with type 2 diabetes. 3 Monitoring and mapping 1 changes in macular edema over time have provided valuable information to assist in making clinical healthcare decisions. 4 -6 Moreover, monitoring macular edema has been shown to be a useful practice in other circumstances, such as after cataract surgery. 7 The evaluation of retinal thickness has been performed traditionally by stereofundus photography (SFP) and, more recently, by OCT models 2 and Stratus (Carl Zeiss Meditec, Inc., Dublin, CA) and RTA I and II (Retinal Thickness Analyzer; Talia Technology, Lod, Israel).
Macular edema assessment by SFP consists of imaging the retina in stereo by taking photographs of the ocular fundus from two different viewpoints. Thereafter, an expert in analyzing the results looks at those images with the use of stereoscopic viewers to assess any increase in retinal thickness from the normal pattern. SFP therefore represents a qualitative assessment of retinal thickness, including the subjectivity of such an evaluation while establishing several grades of retinal thickness. In contrast, both OCT and RTA represent quantitative assessments of retinal thickness, thus making possible the objective measurement of retinal edema or the increase in retinal thickness from a healthy reference population, while removing the subjectivity inherent in the SFP technique.
Several reports in the literature have established comparisons between these qualitative and quantitative assessment techniques. Most have demonstrated the advantages of the quantitative over the qualitative approach. 5,8 -21 Although both OCT and RTA are quantitative techniques, the biggest disadvantage of OCT is the poor resolution of the retinal thickness maps that it produces. This weakness has not been addressed in any model from the classic to the Stratus OCT version and therefore remains to be resolved. Until now, OCT retinal thickness maps could not be built by accounting for their relative positions, and their location within the retinal area has not been factored into the evaluation.
In this report, we address these problems while describing a technique that increases the resolution of macular thickness maps. Increased resolution can be achieved by integrating different scan types-specifically, radial and circular scans. Simultaneously, the relative position between scans and the center of the fovea can be estimated. The entire process can be achieved by registering radial and circular scan sets, as well as their individual components, into an atlas template of human retinal thickness, which was established to conduct this work without the use of ocular fundus references. In this context, atlas refers to a template representing the average geometry of a sample of individuals, a common definition in the human brain mapping community. Our initial approach (2003) allowed the integration of any line scans in a user-assisted registration mode, making use of the fundus image provided by OCT. In 2004, a new procedure for the Stratus OCT allowed the integration of line and circle scans, using a data-driven registration by searching for the best match at scan intersections. Although both methods registered OCT scans among themselves, none took into account the location of the scans within the macular area. In 2005, Soer-ensen et al. (IOVS 2005; 46 :ARVO E-Abstract 2574) followed a different approach by merging two sets of radial line scans, therefore decreasing the step angle from 30°to 15°. To our knowledge, no attempt was made to correct for the location or relative location of the scans, which were thought to cross at the center of the fovea. Finally, in 2006, our group presented the final version of the method, which is described herein in detail (Baptista et al., IOVS 2006;47:ARVO E-Abstract 5728).
All steps presented throughout the report address the aforementioned problems. In the Methods section we detail the instrumentation used, the process of registering RTA maps among themselves, how to build the atlas template, how to register OCT scans on the atlas template, and how to achieve increased map resolution. The tests performed with the developed system by using data from healthy volunteers, patients with DR, and patients with AMD are specified. In the analysis section we also define the quantitative and qualitative grading system to be used.
METHODS
We used an atlas of the human retinal thickness to register OCT scans from two acquisition protocols.
The technique was tested in a group of healthy volunteers and in patients with diagnosed DR or AMD. Approval was obtained from the local institutional review board, and all subjects gave their informed consent before they were enrolled in the study, in compliance with the tenets of the Declaration of Helsinki.
Instrumentation
OCT macular thickness mapping is based on six radial-line scans (B-scans) taken in 1.92 seconds using the Fast Macular Protocol. The angle between consecutive scans is 30°; hence, a large interpolation is achieved when mapping retinal thickness, with the interpolation factor increasing with the distance to the center of the map. Moreover, all six radial-line scans are expected to cross at the center of the map and at the center of the fovea, but do not correct for eventual misfixations and/or difficulties in focusing the target area. 14, 15, 17 In our study, two protocols were used to collect retinal thickness information with the Stratus OCT: the Fast Macular Protocol and the Fast RNFL Protocol. Whereas the former consists of six-radial line scans, 30°apart and 6000 m in length (default), the latter consists of six-concentric circle scans having radii of 1440, 1690, 1900, 2250, 2730, or 3400 m. Each line component of the Fast Macular Protocol and each circle component of the Fast RNFL Protocol are composed of 128 retinal thickness measurements.
In contrast, the RTA (version II) is a slit lamp-based system that scans five areas of 3 ϫ 3 mm 2 each, with four areas side-by-side and the fifth overlapping the others and centering on the fovea.
The RTA system uses a vertical narrow green HeNe (543 nm) laser slit beam projected obliquely, and backscattered light is recorded by a charged-coupled device. Because of the oblique projection, backscattered light returns two peaks, one corresponding to the vitreoretinal interface and the other corresponding to the chorioretinal interface. The distance between these two peaks is the measured retinal thickness at that specific location in the eye.
For each of the five scanned areas, 16 optical cross-sections are analyzed to compute the thickness of the retina by measuring the distance between the two detected peaks. The thickness information is then assembled into a final retinal thickness map.
Retinal Thickness Atlas
To establish the retinal thickness atlas (RT-atlas), retinal thickness data are collected with the RTA II from 40 eyes of 20 healthy volunteers, aged from 40 to 64 years (mean Ϯ SD: 52.4 Ϯ 5.9 years). Each RTA map was individually analyzed to check for alterations from normal appearance. Eight eyes were eliminated in this way, leaving 32 eyes to be considered.
Atlas construction for medical purposes has been a research field of its own. [23] [24] [25] In this application, atlas construction followed a mixed model in which all individual RTA maps were initially registered into the atlas space. Added to this are 32 RTA maps that were individually registered thereafter to subpixel accuracy. From this second registration process, the final RT-atlas was established.
To build the RT-atlas, we initially brought each RTA map into alignment and then rotated it (based on the fundus image reference available on the RTA) so that the line connecting the center of the fovea to the center of the optic disc lay in the horizontal axis. The maps are brought into alignment by fitting each one with a paraboloid, as in equation 1 .
From the fitted parameters (a, b, c, ␣, ␤, x 0 , y 0 ), the center of the paraboloid allows the translation to be computed (Ϫx 0 , Ϫy 0 ), which brings the foveal depression of the respective RTA map into the origin of the atlas coordinate system in the x-y plane. The rotation angle, on the other hand, is computed by manually pointing and clicking at the optic disc center, while the center of the fovea is detected, as mentioned.
That is, we consider a rigid transformation T i for each map such that
where r i is the retinal thickness map i (i ϭ 1. . . K), T i is the corresponding rigid transformation (as defined in equation 3), f is a function specifying a bicubic interpolation spline to be sampled into a common grid spacing for the set of r i maps, and r i is the translated, rotated, and resampled retinal thickness map to be used to establish the RT-atlas.
The asymmetry of the retinal nerve fiber layer (RNFL) distribution must be accounted for, to build an atlas based on both left and right eyes. Therefore, a right eye atlas is built by horizontally flipping left eye r i maps relative to the origin (0, 0). In this way, the built RT-atlas not only establishes a coordinate system, with the origin being the center of the fovea and the horizontal axis the line connecting both the center of the fovea and optic disc, but it also establishes that positive values in the x-axis (the horizontal axis, connecting the fovea to the optic disc) correspond to the nasal macula (fovea-wise) and negative values correspond to the temporal macula (fovea-wise). Similarly, the y-axis (the vertical axis) establishes (fovea-wise) negative and positive values as being in the superior and inferior macula, respectively.
Principal component analysis (PCA) is a useful statistical technique, with application in a large number of fields such as pattern recognition and image compression. It is commonly used for finding patterns in data of high dimension, and can be applied to the stack of our r i thickness maps, with each map considered to be an independent variable. Hence, for each coordinate in the space defined by transformation (equation 2), a set of thickness data exists.
PCA identifies a linear transformation of the coordinate system, such that the axes of the new coordinate system come into alignment with the directions of the K largest spreads of the cluster, all being orthogonal among themselves and therefore being the data uncorrelated in this new set of axes. ness map as an independent variable with the dimension K ϫ K and is computed as
where x m and x m are, respectively, the retinal thickness and the average retinal thickness of map m, and E{ ⅐ } is the expectation. By computing vectors v and scalars , respectively, eigenvectors and eigenvalues, that is, the nontrivial solution of
the transformation matrix A is given by
where matrix A line i is the transpose of vector v i (eigenvector i) to which corresponds the eigenvalue i , being 1 
The eigenvectors of the covariance matrix C form an optimal orthogonal basis for the entire set of retinal thickness maps. Because the set of retinal thickness maps (i.e., multiple views of retinas of healthy volunteers), is correlated, the vector associated with the larger eigenvalue represents the entire set of information with the least expansion error compared with other orthogonal expansions.
The initial RT-atlas can therefore be made equal to the first PCA,
This RT-atlas has a standard variation () of ͌ 1 , and thus the largest spread of data from the ensemble of PCAs
To refine this model, we registered each of the K original retinal thickness maps in the established PCA 1 , resorting to an optimization process, and repeated the procedure, with the PCA now applied to compute a new set of eigenvectors and eigenvalues. The final RT-atlas ( Fig. 1) was computed as before, with all maps registered to subpixel accuracy to the initial atlas (PCA 1 ).
The difference between the initial (PCA 1 ) and the final (RT-atlas) computed atlases, after their normalization to the range (0,1), is 3.2%. Five RTA maps were rejected due to the application of a validation criterion to the estimated parameters (x,y for translation and for rotation); that is, a map was rejected if any one of these was not within 1.75 standard deviations from its mean, which accounts for more than 90% of the cases for a normal distribution.
OCT to RT-atlas Registration
To find where in the retina a given OCT scan is performed, a match can be sought by comparing the OCT scan with the RT-atlas, centered at any position and having any direction (line scans). The best-fitting profile shape is, therefore, the preferred candidate for establishing the location and angle where the OCT scan was performed, in RT-atlas coordinates, thus establishing absolute coordinates in the RT-atlas space for each OCT scan.
In this study we restricted the search space by registering the Fast Macular Protocol into the RT-atlas, because individual scans belonging to this protocol share a common global location. Although different scans can be found centered at different locations, they should all be within a certain distance due to the acquisition speed. We made use of this additional information for the registration procedure, which was performed in several consecutive steps as the number of optimization parameters, and their interrelation added difficulty to their simultaneous estimation.
Even though saccades introduced some distortions in scan paths, this effect was not taken into account in the Fast Macular Protocol scans; the registration procedure looked for the best match within a line in the RT-atlas.
Before the optimization procedure, all OCT scans were filtered by a Gaussian low-pass filter, with normalized cutoff frequency of 0.132 rad/sample, to prevent the existence of local minima. Nevertheless, for thickness mapping only measured thickness values were used.
Our next goal was to estimate ⌫, which minimized the total registration error for the entire set of OCT line scans.
For the initial optimization step, all six radial line scans composing the Fast Macular Protocol were considered as a single entity and were allowed to move in the RT-atlas space to find the position that minimized their total error. Because we were interested in mapping macular edema, we started by considering that the scan set was centered at the fovea (i.e., at the origin of the RT-atlas space).
The initial optimization step consists of finding translation parameters in the RT-atlas space, in the x-and y-axes, that minimize the error (err) given by
where N ϭ 6 is the number of radial scans, O i is the low-pass filtered thickness measurements of OCT scan i, R is a thickness vector computed from the RT-atlas, and E{ ⅐ } is the expectation of the dot product between ⍀ (a vector of weights) and the squared differences between O i and R on their overlapping areas. We intended therefore to estimate ⌫ 1 ϭ (x,y) such that
choosing as the starting point (0,0) and subject to ͉x͉ Յ ␦ 1 and ͉y͉ Յ ␦ 1 .
For the second step, we increased the dimension of ⌫ 1 by adding a new degree of freedom that allows the scan set to rotate as a whole, while simultaneously fine tuning its global position based on the previous optimization step. That is, we wanted to estimate ⌫ 2 ϭ (x,y,) with (x 0 ,y 0 ), the starting point, made equal to ⌫ 1 and 0 ϭ 0. Hence, in this second optimization step, both the global position and global rotation adjusted themselves. For this step, the constraint ͉͉ Յ ␦ 2 was added.
Having now found both the global position and orientation, (x, ŷ), and , respectively, we performed additional steps to accommodate the differences in instrumentation used to establish the RT-atlas and to perform the scan: the RTA II and Stratus OCT. Three new parameters were considered: a DC component (dc) to accommodate an average difference between retinal thickness measurements, a gain factor (g) to accommodate for different retinal thickness measurements, and a sampling rate (spacing) factor (sr) to accommodate the difference in the sample spacing.
In this new optimization step, we estimated ⌫ 3 , ϭ (dc, g, sr) with (dc 0 , g 0 , sr 0 ) ϭ (0,1,1) and ⌫ 2 , the result of the previous optimization step. Constraints also applied, with ͉dc͉ Յ ␦ 3 , ␦ 4 Յ g Յ ␦ 5 , and ␦ 6 Յ sr Յ ␦ 7 .
By following these three steps, we registered the Fast Macular Protocol scan (as a single entity) into the RT-atlas and estimated parameters to accommodate for differences in instrumentation.
New degrees of freedom are now considered to fit individually each of the scans composing the Fast Macular Protocol around the estimated parameters for the entire set. For each radial line scan, three degrees of freedom were considered (i.e., ⌫ 4 i ϭ ͑⌬x i ,⌬y i ,⌬ i ͒ with i ϭ 1. . . N). Therefore, we had to perform N individual optimizations; that is, for each one, we had to estimate ⌫ 4 i subject to ͉⌬x i ͉ Յ ␦ 8 , ͉⌬y i ͉ Յ ␦ 8 , and
After this sequence of steps, we solved the global optimization parameter ⌫ of the type ⌫ ϭ ͑x,y,,dc,g,sr,⌬x 1 ,⌬y 1 
Having estimated ⌫, it was possible to build a retinal thickness map based on the Fast Macular Protocol data. Relative to the original map built by the Stratus OCT, this new map presents three major advantages. First, this mapping system does not assume that all radial line scans intersect at the same point. Second, because OCT scans are brought into registration to the RT-atlas space, they possess absolute RT-atlas coordinates. Therefore, independent of misfixations, the fovea will be centered at the origin. A third advantage is in having the line connecting the center of the fovea to the center of the optic disc lying in the horizontal axis. This feature improves the establishment of OCT normative data by correcting for eye tilts.
To build the retinal thickness map based on the established registration of OCT scanned data, we can use a thin-plate spline (TPS) 27 with the OCT-registered data points as control points. This approach allows defining a surface passing through every control point while presenting the least bent surface for the entire space (minimum bending energy surface).
Increasing Mapping Resolution
The previous section describes the registering of OCT scans performed by the Fast Macular Protocol in the RT-atlas space. In this section, we indicate how to increase the map's resolution (i.e., build a retinal thickness map with increased density of Stratus OCT thickness measurements).
Similar to the Fast Macular Protocol, we used data from the Fast RNFL Protocol. Several steps considering both global parameters were given for the set of scans performed by this protocol, and individual parameters were given for each circular scan.
The choice for this type of OCT scan is the same that led us to choose the Fast Macular Protocol in the previous section (i.e., all scans from the Fast RNFL Protocol share a common global location). On the other hand, although previously we did not account for distortions in scan paths due to saccades, these effects were considered here, because we were registering retinal scans on a retinal thickness map of the same eye. Similar to the procedure followed for Fast Macular Protocol scans, Fast RNFL Protocol scans were also low-pass filtered to avoid local minima.
Although Fast Macular Protocol scans were registered on the RTatlas, Fast RNFL Protocol scans were registered on the built retinal thickness map but not on the RT-atlas, which is the major difference between procedures. Our goal was to estimate ⌿, which minimizes the total registration error for the entire set of OCT scans performed by Fast RNFL Protocol. For the same reasons as before, we start by considering that the Fast RNFL Protocol was performed centered in the fovea.
We intended, therefore, to estimate ⌿ 1 ϭ (x c , y c ) to minimize the error given by
where M is the number of circular scans, O i is the low-pass filtered thickness measurements of OCT scan i, RЈ is a thickness vector computed from the OCT map built based on the Fast Macular Protocol scans (the TPS surface of the previous section), and E{ ⅐ } is the expectation of the squared differences between O i and RЈ on their overlapping areas. It should be noted that the circular scan with a 3400-m radius was not considered as it corresponded to retinal thickness measurements beyond the limits of the previous retinal thickness map, as Fast Macular Protocol scans are 6000 m in length.
Hence, we estimated ⌿ 1 ϭ (x c , y c ) as
choosing (0,0) as a starting point, subject to ͉x c ͉ Յ ␥ 1 , ͉y c ͉ Յ ␥ 1 , and M ϭ 5. The need to estimate ⌿ 1 instead of using ⌫ 1 , comes from the fact that the Fast Macular and Fast RNFL Protocols are performed independently, which means two acquisitions at two instances in time, therefore eliminating values computed for the Fast Macular Protocol.
The second step for the Fast RNFL Protocol is the same as the one performed for the Fast Macular Protocol (i.e., adding a rotation parameter to ⌿ 1 to become ⌿ 2 ϭ (x c , y c , c ). Similarly, both the global position and global rotation are left to adjust themselves. For this step the constraint ͉ c ͉ Յ ␥ 2 is added.
Since we were registering OCT measurements on a map built on OCT measurements (i.e., similar data from the same instrumentation), there was no need to compute scaling parameters as before.
We let each circular scan fit itself around the established parameters for the entire set, in a manner similar to that for the Fast Macular Protocol.
Therefore we performed M individual optimizations, whereby we estimated ⌶ i 1 ϭ ͑⌬x ci ,⌬y ci ,⌬ ci ͒ with i ϭ 1. . . M, subject to ͉⌬x ci ͉ Յ ␥ 3 , ͉⌬y ci ͉ Յ ␥ 3 , and ͉⌬ ci ͉ Յ ␥ 4 for each scan.
Steps given so far correspond to those given for the Fast Macular Protocol. Because we were considering path deformations due to saccades, additional degrees of freedom were introduced.
Two new registration steps were performed. The first considered transforming circular scans into ellipses. This optimization step consisted of estimating ⌶ i 2 ϭ ͑r xi ,r yi , i ͒subject to ␥ 5 Յ r xi Յ ␥ 6 , ␥ 7 Յ r yi Յ ␥ 8 , and ␥ 9 Յ i Յ ␥ 10 .
The second registration step allows ellipses to undergo shear and scale transformations with independent scales on the x-and y-axes, consisting of estimating ⌶ 
In this way, the sampling increases from a total of 768 (6 ϫ 128) to 1408 (11 ϫ 128) data points (i.e., Ͼ1.8 times the original sampling).
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Still, more important than the number of data points is the data distribution over the macular area, which is achieved by mixing data from the Fast Macular Protocol and Fast RNFL Protocol. The final OCT retinal thickness map is therefore computed through the use of a TPS, according to the same approach as in the previous section.
Tests and Grading
The system was tested in three different groups of eyes. Group Two grading types were used to assess the quality of the final map: a quantitative one and a qualitative one.
The quantitative grading was defined by the mean and SD of the difference in retinal thickness at scan intersections to which two types of errors may contribute. The first is due to registration errors, in which two different retinal locations are brought into alignment by the registration procedure. The second source of errors is due to the erroneous determination of the retinal interfaces from which the retinal thickness is computed. These two sources of errors may be present simultaneously, even at the same scan intersection.
On the other hand, the qualitative assessment of the final mapping takes into account localized abrupt changes of retinal thickness in the map. Although this can be measured by the bending energy of the TPS 27 (see the last paragraph of the OCT to RT-atlas Registration section in Methods), relatively high values would be found for AMD eye maps compared with those for healthy or DR eyes, resulting from the pathologic condition and not from registration and/or thickness measurement errors.
In this way, retinal thickness maps were classified into one of four grading levels: "poor," "insufficient," "sufficient," and "good." Maps scored poor were those in which notorious abrupt changes were due to registration and/or erroneous thickness determination, leading to local high rough-surface maps. Maps scored as insufficient were those in which retinal thickness map differences at scan intersections led to less rough-surface maps compared with the poor ones. Maps scored as good were those in which the retinal thickness differences at scan intersections were within the normal range (healthy volunteer range), whereas the maps graded sufficient were between the ones graded as insufficient and those graded as good.
RESULTS
In this study, we were able to establish a mathematical model for the retinal thickness of the healthy human eye by correcting the location and orientation of each individual RTA map. We also made use of PCA 23, 26 to capture the major shape characteristics of the retinal thickness and therefore the ones that best represent the average population. Figure 1 shows the computed RT-atlas surface in which the (0,0) in the x-y plane represents the origin of the macular coordinate system (located at the center of the fovea) and the vertical axis is the resulting thickness from the first component of the PCA (i.e., the one corresponding to the higher eigenvalue and therefore having the largest spread of data. It should be noted that this surface represents the average shape of a healthy retina's thickness and not the average thickness). It also clearly shows the asymmetric depression on the temporal side relative to the nasal side, which results from the careful registration of the RTA maps.
This RT-atlas, a statistical shape model (template) defined by 6720 data points, allows us to register OCT scans without resorting to any ocular fundus reference, as specified in OCT to RT-Atlas Registration in the Methods section. A TPS 27 surface passing through each of these data points is defined by a total of 13,443 parameters.
Likewise, each increased resolution OCT thickness map is now defined by a TPS surface with 2819 parameters.
For each increased-resolution OCT thickness map, the average OCT thickness difference at scan intersections was computed. The mean Ϯ SD of these averages for the group of healthy volunteers (n ϭ 12 eyes) before and after registration through the RT-atlas is 5.93 Ϯ 1.60 and 4.17 Ϯ 1.06 m, respectively, which demonstrates the added value of the registration procedure. There was a 30% reduction of the mean and a 34% reduction of the SD.
The maps calculated from the healthy eyes and from the DR and AMD eyes were both quantitatively and qualitatively assessed (Table 1) , with the healthy eyes group scoring better both quantitatively and qualitatively and the AMD group scoring worse in both classifications.
A similar procedure was followed for each of the patients' eyes (n ϭ 44). The average OCT thickness difference at scan intersection was computed, and the mean Ϯ SD of these average values was reduced 28% Ϯ 24% due to the registration procedure; these reductions were 35% Ϯ 43% for the DR patient group and 26% Ϯ 25% for the AMD patient group.
All thickness maps of healthy eyes were at least classified as sufficient. On the other hand, our technique performed poorly for AMD eyes, as only 2 (7.7%) of 26 maps were graded sufficient, and none achieved a good grade. Nevertheless, the majority (55.5%) of DR maps scored good, with only a 0.5-m difference on average from the healthy eyes, and only 11.1% The three-dimensional (3D) plot in Figure 2 shows the increased-resolution OCT thickness map for the right eye of a 30-year-old healthy volunteer. The interesting aspects are the smooth surface and the good fixation shown by the concentricity of circular scan lines. The mean Ϯ SD of the thickness difference at scan intersections is 3.44 Ϯ 2.99 m, and the map was scored good. Figure 3 shows a 3D plot of a similar map from the left eye of a 69-year-old patient with nonproliferative DR. The noted features are the better definition of the localized retinal edema and the intersection of the circular scan lines. Although it might be considered a registration error, it should be noted that the resulting surface is smooth, and the good agreement on retinal thickness at scan intersections is better than would result if the scans were considered perfectly concentric. This map was scored as good and presents a mean Ϯ SD thickness difference at scan intersections of 4.76 Ϯ 4.12 m.
Figures 4 and 5 are both from AMD eyes. The 3D plot in Figure 4 , the right eye of a 56-year-old patient, shows the irregular surface of the retinal thickness map, plus the much reduced agreement in the retinal thickness at scan intersections (mean Ϯ SD of 12.59 Ϯ 18.42 m). This map was scored sufficient.
A map of a 78-year-old patient's left eye, graded as poor, is shown in Figure 5 , with a mean Ϯ SD of difference in retinal thickness at scan intersections of 18.73 Ϯ 24.50 m. Two observed prominences resulted from large differences in retinal thickness measurements in relatively small areas.
An additional step was included to allow the integration of non-fast circular scans, according to the standard operating procedure (SOP) defined for the OCT in the EVI-GENORET (European Vision Institute-Functional Genomics of the Retina in Health and Disease) project. Hence, data collected were six-radial-line scans (Fast Macular Protocol) and three-circular scans individually performed. The integration of these two information sources followed an approach similar to that used before, except now the global registration for the circular scans was not considered, which means that steps corresponding to 1 (Eq. 12) and 2 were not performed, at the expense of having larger ␥ 3 and ␥ 4 degrees of freedom for the estimation of ⌶ 1 1 , ⌶ 2 1 , and ⌶ 3 1 . The application of the developed methodology to a 30-year-old healthy volunteer's right eye can be seen in Figure 6 , which shows a map that achieved a score of good and a mean Ϯ SD of 5.16 Ϯ 4.23 m. Although a high average was presented for the differences in retinal thickness at scan intersections, it should be noted that this map was calculated based on a different acquisition protocol (non-fast circular scans). Nevertheless, this value is within 1 SD of the average distribution in the healthy volunteers' group.
DISCUSSION
Although new OCT devices emerging in the market today do not produce low-resolution maps, because of the high number of A-scans performed, the current systems will be in use for the FIGURE 2. 3D view of the increased-resolution OCT thickness map of the right eye of a 30-year-old healthy volunteer shows good superposition of circular and radial line scans, a smooth surface, and good concentricity of the circular scans. This map was scored as good. next decade. It is, therefore, worth using the currently installed capacity to improve the quality of collected data and, in this way, to promote better knowledge of changes in retinal edema due to different diseases. The system's performance depends on the level of change from the reference (healthy) condition, being tailored to detect initial changes. This finding is clearly demonstrated by the classification of registration scans observed in our healthy volunteers and patients with nonproliferative DR, as opposed to the patients with AMD, for whom the determination of the retinal interfaces frequently failed, and did not provide the registration process with accurate information.
The results indicate that this mapping technique is useful for screening of diseases and the assessment of macular edema in the initial stages of the disease. The monitoring of disease progression/regression may be helpful for clinical trials. However, the mapping technique failed significantly in patients with advanced disease and should not be used in those cases.
A feature previewed for the developed registration process but still not used to its full capacity in this work is the definition of the weighting surface (⍀), as described in equation 8. In the present study, this weighting surface was always considered a Gaussian distribution centered on the fovea. Used to its full extent, this surface can be further defined in an interactive process to improve registration for cases clearly far from healthy (e.g., the eyes with AMD considered here). In these cases, a first iteration would be the one described herein.
Finally, it is worth mentioning the increase from 768 to 1408 data points, respectively representing the original OCT map and the increased-resolution map. These additional data points are placed orthogonally to the original ones, which puts most at positions between those on the original radial scans.
